ABSTRACT vVe evaluated the extension of the residual insecticidal acthitv of Bacillus tllllrillgiellsis Berliner vvith 2 sprayable formulations based on casein. One formtllation contained native casein in a basic solution (pH> 8..5); the other had a water soluble ammonium salt of casein in the presence of ammonium zirconium carbonate as a cross-linking agent. Formulations were applied to cotton leaves, Gossypiulll hirsutulll L. 'DES 119', in a greenhouse and subjected to simulated rain in a modified spray chamber and artificial sunlight from a simulator. Activity was assessed based on mortality of neonate European com borer, Ostrillia nuhi/alis (HUbner), that were fed treated cotton leaves. Performance of some formulations was also evaluated against beet armyworm, Spodoptera exigua (HUbner). Leaves treated \\ith the casein formulations (0..5% \\t:vol) of B. thuringiensis resisted wash-off. often retaining >60% of the Original insecticidal activity of unexposed treatments compared \\ith <20% of the Original activity for unformulated and commercially formulated B. thlllillgiensis preparations. The casein formulations also provided some protection from light-induced degradation compared \\ith unformulated B. thlllingiellsis, although the amount of protection was less than that provided by other experimental formulations.
ApPLICATION OF ENTOMOPATHOGENS for pest control is often promoted as an environmentally safe control tactic. Unfortunatelv, environmental factors such as rain (Frye et al~1973, McGuire et a1. 1994 ) and ex-posure to sunlight (Leong et a1. 1980, Dunkle and Shasha 1989) reduce the insecticidal activity of microbial agents. The adverse effects of these environmental conditions can be overcome by improving the pesticide formulation (Cantwell and Franklin 1966 , Dunkle and Shasha 1988 . McGuire and Shasha 1990 . However, the formulation process must account for the delicate nahlre of the microbial pesticide, which often must remain viable to be active. Formulation processes should be economicallv feasible and avoid the use of harsh chemicals, extreme temperarnres, and other adverse physical conditions that reduce the viability of the pathogen and ultimately the effectiveness of the final product.
Bacilllls thllrillgiellsis Berliner has been the most widely used entomopathogen on a commercial basis. Starch, flour (McGuire et a1. 1994, article reports the results of research only.~lention of a proprietary product does not constitute an endorsement or a recommendation for its use bv USDA. McGuire and Shasha 199.5). and gluten (Behle et a1. 1996) improve residual activity by encapsulating B. thllrillgiellsis by formation of a film as the formulation dries on treated plant surfaces. These formulations help to extend the activity of B. thllrillgiensis when ex-posed to artificial rainfall and artificial sunlight applied under laboratory and field conditions. Each of these formulations provides some degree of protection and extends the residual insecticidal activity of B. thllrillgiellsis when applied at~1 % of the total spray volume (McGuire and Shasha 199.5, Behle et a1. 1996) . Rates~1% for formulation ingredients are aenerally economically prohibitive for commercialization. Therefore, interest in the development of formulations that extends the residual activitv of biological insecticides with lower rates of inex..pensive materials continues.
The gluten-based formulation requires an alkaline pH (>10) to dissolve the gluten. \Vhile working with this formulation to determine effects of alkalinity on the activity of B. thllrillgiellsis, we discovered that a less alkaline formulation made with casein also provided good resistance to wash-off by simulated rain. Here we report this new formulation based on casein, which provides extended residual activity for B. tll1lrillgiensis when exposed to simulated rain and eX1)osed to artificial sunlight.
Materials and Methods
Formulations. Two casein formulations were developed. For the 1st formulation, 1 g of natural JOURNAL OF ECONO\IIC ENTOMOLOGY Vol. 89. no. 6 casein from bovine milk (Sigma. St. Louis, MO) was mixed in a Waring (New Hartford, CO) blender vvith 200 ml KOH (0.05% wt:vol). This mixture was kept at ambient temperature for 1 h followed by the addition of B. thllringiensis. The 2nd formulation was an ammonium-salt of casein (NH-400; American Casein, Burlington, NJ) that is soluble in water at a neutral pH. As with the 1st formulation. the casein-salt formulation was mLxed at 0.. 5% (wt:vol), but included a cross-linking reagent solution consisting of 0.25 (vol:vol) of ammonium zirconium carbonate (AZCote5S(XJY!, 30% wt:vol: Hopton Technologies, Rome, GA).
Besides the casein formulations, gluten (Behle et al. 1996) , flour/sucrose (McGuire and Shasha 199.5) and commercial formulations were included in various eX1)eriments for comparison with the casein formulations. The gluten formulation (1 % wt: vol) was prepared by mixing 1 g wheat gluten (Midwest Grain Production, Pekin, IL) with 100 ml KOH (0.0.5%, final pH = 10.. 5) followed by the addition of B. thllringiensis. The flour/sucrose formulation (2% wt:vo!) consisted of a drv mLX of equal portions of sucrose with pregelatinized flour (Illinois Cereal Mills, Paris, IL) and adding 2 g of this mLxture to 100 ml water containing B. thllringiensis. Commercial formulations including Dipel 2X (B. thllringiensis subsp. kuntaki; Abbott, Chicago, IL), XenTari (B. tll1lringiellsis, subsp. aizalcai; Abbott) MVP formulated product (B. thll rillgiellsis-based toxin Lot number 2112021X; Mycogen, San Diego, CAl were tested for comparison with new fonl1ulations. As controls, gluten, flour/sucrose, and casein were tested without B. thllrillgiellsis to show they had no toxicity Technical B. thllrillgiellsis was applied unformulated to leaves and subjected to eX1)erimental conditions to determine resistance to environmental factors.
Unless otherYvise stated, casein, gluten, and flour/sucrose formulations were mLxed with B. thllrillgiellsis subsp. klll~~taki with technical powder (69,000 IU/mg) provided by Abbott at the rate of 10 mgl50 ml. Preliminary bioassays showed that this concentration is a discriminating amount when applied with the standard conditions listed below for comparing simulated rain with no-rain treatments. Casein formulations were made with several additional preparations of B. thllrillgiellsis. Dipel 2X was mixed at 20 mgl.50 ml (12,800 IU/m!) and XenTari was mLxed at 100 and .500 mg/.50 ml to apply equivalent rates of active agent at application volumes of 23.5 and 47 liters/ha, respectively (see below for application volume). MVP and MVP Stabilized Cream-K-17.5 (technical material for the MVP formulation) were mixed to proVide final concentrations of 1.6 mglml for the formulated IVP and 0.8 mglml for the MVP cream. Measurements of rain fastness and solar stability· of various formulations were based on a leaf bioassay Cotton plants, GOSSypilllll hir~lltlllll L. 'DES 119', were grown in a greenhouse in plastiC pots (1.5 cm diameter). Two plants were grown in each pot in a peat moss-vermiculite soil mLxture. \Vhen the plants had .5 or more fully eX'Panded true leaves, pots were selected and paired for treatments so that each treatment had 10 large true leaves. Coty'ledon leaves and immature true leaves were trin1l11ed from the plants. After trimming, the remaining leaves were washed with tap water to remove soil and plant eX'lldates that may interfere with larY'al survival dUring the assay Plants were allowed to dry before the application of formulations.
Application. In eX'Periments to measure rain fastness, formulations were applied to the cotton plants within a spray chamber (Research Track Sprayer; DeVries, Hollandale, MN). This chamber held up to 8 pots of plants on a stationary platform and formulations were applied through a spray apparatus that passed over the plants. Typically, formulations were applied through a flat fan 8002ss nozzle (Spray Systems, Wheaton, IL) at 4.9 kglcm 2 and a track speed setting of 3.0 km/h to apply 3.5 ml total volume while traveling the 2.0-m linear spray track. This rate was equivalent to 235 Iiters/ha. As a variation to this standard application procedure, a lower volume of application was also used. The low volume application equivalent to 47 liters/ha was achiev'ed by using a 8001 nozzle, at 2..5 kg/cm 2 pressure and 6.4 km/h track speed to apply 7 ml in a Single pass.
For comparison with the low volume application, the normal volume application was achieved by spraying 5 passes for a total application of 35 ml. Although the concentration of B. thllrillgiellsis was adjusted in the formulation mLX to provide the equivalent amount of active agent as in the normal application, the concentration of casein was maintained as a percentage of the total volume applied for individual treatments. Therefore, plants receiving higher volumes also received more total casein. Spray residue was allowed to dry before the application of simulated rain. An untreated control was included with each ex-periment to assess larY'al mortality inherent to the assay.
In experiments to measure 'solar stability, 100 jLl of formulation was spread evenly over a 33-cm 2 leaf area that had been marked onto a cotton leaf while still on the plant. For each formulation, 20 areas were treated. Ten areas received solar treatment: the other 10 remained in the laboratorY' under ambient light conditions. . Simulated Rain. Artificial rain was applied to treated plants using the spray chamber described preViously, but fitted with a full jet FL-.5VC (Spray Systems) spray nozzle at 2..5 kglcm 2 and positioned ""45 cm above the plants. To simulate rain, the traveling spray apparatus continuously traversed back and forth in the chamber until a rain gauge placed inside the spray chamber measured 5 cm. Plants were allowed to dry ovemight before assaying.
Solar Stability. The solar treatment consisted of plaCing the cotton plants under a Suntest CPS (Hereaus, Hanau, Germany) light source (\\ith the sample tray removed) so that the 10 marked areas were 30.-;36 cm from the light. Clear plastic (Tefcel T2, American Durafilm, Holliston, MA) was placed between the light and the plants to avoid excessive drying of the leaf tissue. Light intensity readings taken \\ith a LI-1800 solar spectroradiometer (Licor, Lincoln, NE) demonstrated that energy in the 300-to 800-nm range was not lost as a result of the cover. A figure of the spectral range for the Suntest CPS was reported by McGuire et al. (1996) . Exposure time was 8 h at a dial setting of 7.. 5. Irradiance was 1.97 wm-2 (utraviolet B; 300-320 nm) and 36.2 wm-2 (utraviolet A, 320-400 nm). After exposure, treated areas of the leaves were excised and tested for toxicitv.
Insects. Unless otherv\ise state'd. neonate European com borer, Ostrinia nllbilalis (HUbner), \vere used in eXl)eriments; formulations were compared based on larval mortality. European com borer eggs were obtained from our laboratory colony reared as described bv Guthrie (1989) . This coiony was supplemented~vith weekly shipments of eggs from the USDA-ARS Com Insects Research Unit, Ames, IA. Neonate beet armyworm, Spodoptera exiglla (HUbner), from a colon)' maintained in the Ia,boratorv' were also used for bioassays. The beet armV\vorm colonv was started with eggs supplied by v\~Moar (AubJ.im University, Auburn, AL) and was maintained on artificial diet (Patana 198.5) .
Bioassay. Ten circular disks (33 cm 2 ) were cut from the cotton leaves for each treatment. Individual leaf disks were placed on filter paper in a petri dish (100 bv 15 mm) with the treated side down. Ten neonat~European com borer or beet armyworm (depending on the experiment) were transferred to each leaf disk; the dish was then sealed with 2 wraps of parafilm. Dishes were placed in a dark incubator at 27'-;30°C for 3 d. After incubation. the number of live and dead larv·ae were counted on each leaf disk and mortality was calculated. Mortality of larvae feeding on' untreated leaves was <5%; thus, aChtal mortalities were reported \\ithout correction for control mortality.
Each of the experiments used a paired deSign to compare those not exposed \\ith those exposed (to simulated rain or light) treatments for each formulation. The paired deSign made it pOSSible to calculate the percentage of original activity remaining (mortality for the exposed treatment -;-corresponding unexposed treatment mortality X 100) after exposure. Each leaf disk \\ith 10 larv'ae was considered a replication and each formulation by exposure was considered as a treatment. Data were analvzed bv analvsis of variance (ANOVA) for a completely ra~1domized deSign with 10 replications per treatment (SAS PROC GLM), and means were separated \\ith the least squares means procedure (SAS Institute 1989). Ieans followed bv the same letter were not significantly different. (P = 0.0.5; least squares means [SAS Institl; te 1989] ). Simulated rain was tap water applied by a DeVries spray chamber through an FL-8 cone n07.zle over the plants with an application time of =70 min. Percentage of OAR mortality of exposed treatment -;-mortaliry for corresponding unex-posed treatment X 100.
Results
The casein formulation showed good efficacy as expressed by high toxicity (mortality> 90% of European com borer) when not exposed to simulated rain (Table 1) . Before rain was applied, we found no Significant differences in insect mOltality (least Significant difference [LSD] , P > 0.05) among formulations containing casein, flour/sucrose, gluten, and technical powder only. vVhen eXl)osed to simulated rain, casein formulations even \\ith as little as 0.25% \\t:vol were more resistant to wash-off than the flour/sucrose formulation and technical powder. Casein at 0.. 5% resisted wash-off better than did the formulations \vith 0.25% casein or 0.5% gluten. Increasing the casein concentration to 1% provided no additional benefit for resisting wash-off. Thus, we selected a formulation containing 0..5% casein solids as optimal for use in subsequent experiments.
Additional experiments showed that casein-salt (0.5% wt:vol) \\ith the cross-linking agent (0.25% vol:vol) was also effective at resisting wash-off by providing >70% Oliginal activity remaining after simulated rain (Table 2) . Neither casein-salt nor the cross-linking agent was toxic (mOltality <'3% of European corn borer) by themselves. In the absence of simulated rain, none of the ingredients reduced the toxicity of the B. thuringiensis technical powder. In addition, neither the casein-salt nor the cross-linking agent alone provided resistance to wash-off (original activity remaining <30%). As a result, the 0 ..5% \vt:vol casein-salt formulation \\ith 0.2.5% \\t:vol cross-linking agent was (Table : 3) and with XenTari for tests against the beet armvworm (Table  For each Generally, the volume of the application did not affect initial toxicitv. but affected resistance to wash-off for some formulations. For example, casein-salt and gluten formulations \\ith XenTari ap- alone and commercial formulations (Dipel 2X and MVP) (Table 5) . Each formulation (except the commercial formulations) was made with Abbott's technical powder and Mycogen's technical cream, The main effects tested in this ex-periment were B. thuringiensis source (Abbott's versus Mycogen's B. thuringiensis), simulated rain (rain versus no rain) and fonnuJation (KOH, AZCote, gluten, flour/sucrose, casein-salt/AZCote, casein, and commercial). Formulations made with KOH only and AZCote only represented ingredients used to make gluten and casein-salt formulations. These were included to show the effect of these ingredients on toxicity or resistance to wash-off. All treatments with Abbott's technical powder averaged 62% European com borer larval mortality, and all treatments with Mycogen's cream averaged 61 % larval mortality. ANOVA indicated that the B. thuringiensis preparation had no significant (P > 0.05) effect on the mortality of European com borer. Interactions of fommlations with active agent were also not significant (P > 0.05). Simulated rain and formulation Significantly (P < 0.0001) affected larval mortality. Control mortality was 0% for larvae feeding on untreated leaves. Treatment means followed by the same letter are not Significantly clifferent (P = 0.05; least squares means [SAS Institute 1989] ). OAR, original acthity remaining.
The application of 5 cm of simulated rain reduced tlle observed larval mortalitv from 91 to 33% across all the other factors ..:\mong the formulations tested, casein-salt formulation provided the best resistance to wash-off as indicated by the 79% original activity remaining. The experiment showed that casein-salt (79% original activity remaining), casein (58% original activity remaining), and gluten (45% original activity remaining) provided resistance to wash-off that was superior to that of commercial fommlations available from Abbott (Dipel 2X, 21% original activity remaining) and Mycogen (MVP, 1% original activity remaining). All formulations caused >86% mortality of larvae in the absence of simulated rain, except for the KOH solution (which averaged 68% [Mycogen] and 64% [Abbott] larval mortality).
Casein provided some protection of B. thllringiensis from degradation by light, although the amount of protection was small when compared 'v'vith flour/sucrose and gluten formulations (Table  6 ). For 3 individual ex-periments in which B. tJl1l-ringiensis was ex-posed to simulated light for 8 h, the casein formulation was not Significantly (P > 0.05, LSD) different than unformulated B. thllringiensis (Table 7) . However, when the results from these 3 ex-periments were combined, B. thlllingiensis formulated with casein retained 70% of the original activity for European com borer compared 'v'vith 40% of the original activity for unformulated B. thuringiensis. A paired t-test of these mean original activity remaining values showed that casein had significantly greater original activity remaining tlmn technical powder (t = 3.96; n = 3, P < 0.05).
Discussion vVe have shown that the residual insecticidal activity of B. thllringiensis can be extended by improving the fommlation. In our formulation, the milk protein casein was used to produce an insoluble film which, upon drying, resisted wash-off at a solids rate that is less than the rate of flour/sucrose and gluten formulations. The addition of milk to spray formulations of viral patho- gens has been tried previously (Vail et al. 1991 , Kolodny-Hirsch et al. 1993 ) as a UV protectant, but no published reports were found in which milk was added to a formulation to resist wash-off. Milk is a complex solution including water, emulsified particles of fat and fatty acids, sugar, casein, \ita-mins, and other ingredients. Casein occurs in milk as a heterogenous complex consisting of various identifiable proteins, phosphorus, and calcium (calcium caseinate). Neither of the 2 previous studies that used skim milk as an additive tested casein as a speCific formulation ingredient, nor did either studv test for resistance to wash-off. Casein and casein-salt formulations are suitable for application of entomopathogens to plant tissue. These formulations do not adverselv affect initial efficacv and thev extend the residual activity of B. thlllingiensis bi resisting wash-off from sin~ulated rain. Casein, gluten, and flour/sucrose formulations do not represent a microencapsulated material. The milk components, however, entrap the active agent upon dI)ing on the leaf surface. As the casein formulation dries, the large protein molecules in the solution form large masses that are insoluble in water. This insolubility after drying is the property that both entraps the entomopathogen and provides rainfastness. Two commercial forms of B. thllringiensis were tested with the casein formulations: both gave similar results. Use of formulations that combine the general principles of entrapping the active agent in water-insoluble materials mav benefit other en\ironmentallv sensitive pest control agents including entomopathogens and certain chemical control agents.
Casein consists predominantly of protein and is essentially insoluble in water at neutral pH. Casein treated to form an ammonium-salt is soluble in water at neutral pH. Casein-salt has the advantage of dissolving qUickly in water at neutral pH, compared \\ith unmodified casein that requires several minutes at pH 8 to dissolve. The disadvantage of the casein-salt formulation is that formulation with ammonium zirconium carbonate is more costlv. Both casein fommlations provided similar results relative to resistance to wash-off.
The abilitv of the casein formulation to resist photodegrad'ation should be considered cautiously. The data presented herein indicated some benefit of casein formulations to resist photodegradation of B. thuringiensis when ex-posed under laboratory conditions. Vail et al. (1991) reported no benefit in terms of residual activity when up to 1% vol:vol skim milk was added to granulOSiS virus formulations for control of codling moth, Cydia pomonella (L.) , in commercial walnuts. However, KolodnyHirsch et al. (1993) showed improved residual a~ ti\ity of nuclear polyhedrosis virus against beet armvworm. with 6% skim milk added as a UV screen.
B~nefits from adding skim milk to virus formulations reported by Kolodny-Hirsch et al. (1993) may have resulted from unique properties of the milk other than the concentration or chemical form of casein in the solution. Comparisons of other formulations that we tested concurrently \\ith the casein formulation indicate that benefit~of the casein formulation to prevent light induced degradation are limited. However, agents to block UV degradation could be added to the casein formulation to improve this characteristic while retaining resistance to wash-off.
The ability to extend residual activity with lower rates of for'mulation ingredients sho~ld improve the versatility of B. thllringiensis-based insecticides. Flour/sucrose (McGuire and Shasha 1990) and gluten (Behle et al. 1996) formulations have been shown to extend the residual insecticidal activity of B. thlllingiensis at solids rates of 1%. Thus, these formulations at 1% solids rates provide benefits when applied at 1.9 kg in 190 liters/ha total volume (or 2.1 Ib in 20 gal/acre of total volume). For higher volume applications, the amount of ingredients reqUired to maintain these rates of solids in the spray tank becomes cost prohibitive for commercial applications. 'When higher volumes of application are required such as for vegetables, then the benefits of extending residual activity may be provided by a casein-based formulation at a rate of 0.5% solids. Field applications of a casein-based formulation mav be warranted in a situation where sunlight is minimal and wash-off likely. Such a situation would include a dense crop canopy in a location that receives heavy rainfall or irrigation. A greenhouse situation \\ith daily watering of plants represents a speCific example where the casein formulation may benefit the producer by extending the residual activity of the B. thllringiensis.
